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Abstract
We propose a mechanism for origin of matter in the universe in the framework of Einstein-Gauss-
Bonnet gravity in higher dimensions. The recently discovered new static black hole solution by
the authors [1] with the Kaluza-Klein split up of spacetime as a product of the usual M4 with a
space of negative constant curvature is indeed a pure gravitational creation of a black hole which
is also endowed with a Maxwell-like gravitational charge in four-dimensional vacuum spacetime.
Further it could be envisioned as being formed from anti-de Sitter spacetime by collapse of radially
inflowing charged null dust. It thus establishes the remarkable reciprocity between matter and
gravity - as matter produces gravity (curvature), gravity too produces matter.
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Einstein’s theory of gravitation is characterized by its distinctive feature of gravity being
described by curvature of spacetime. Matter produces gravity; i.e. curvature in spacetime.
On the other way round, reciprocity of action between matter and curvature (gravity) will
demand that the latter should also produce the former. However except for Kaluza-Klein
theory there is no direct demonstration of this feature. The nearest we have come in the
string theoretic formulation is what is known as AdS/CFT correspondence [2]. In here, at the
boundary of anti-de Sitter (AdS) spacetime there resides conformal field theory (quantum
chromodynamics) of matter. AdS is pure curvature while CFT is matter field and there
exists a duality correspondence between them. This is indeed the first example of spacetime
curvature manifesting itself as matter in a dual spacetime.
Very recently, we have obtained an interesting n(≥ 6)-dimensional vacuum black hole so-
lution of Einstein-Gauss-Bonnet gravity in Kaluza-Klein spacetime with extra dimensional
space having negative constant curvature [1]. The four-dimensional spacetime in the solu-
tion is asymptotically Reissner-Nortstro¨m-AdS (RN-AdS) spacetime in spite of absence of
Maxwell field. Indeed, this offers a direct and purely classical example of curvature manifest-
ing as matter, i.e., “matter without matter”. The key ingredient of this remarkable result is
the Kaluza-Klein decomposition which also brings Gauss-Bonnet contribution down to four
dimensions.
Higher dimensions greater than usual four is the natural playground for superstring/M-
theory [3, 4]. However classically since gravity is to be described by curvature of spacetime,
that means its Lagrangian should be an invariant function of Riemann curvature and its
contractions. The equation following from its variation should be second order quasi-linear
(highest order of derivative to be linear) differential equation so that initial value problem
is well formulated and evolution is uniquely defined. This uniquely leads to the Lovelock
polynomial [5], L0 = −2Λ, L1 = R,L2 = LGB ≡ R2 − 4RµνRµν + RµνρσRµνρσ, ... as
the general gravitational action. The first two are the familiar cosmological constant and
Einstein-Hilbert action while the quadratic is Gauss-Bonnet term. For n ≤ 4, the first two
suffice as higher order terms make no contribution to the equation of motion. This means
the order of Lagrangian to be included for description of classical gravity depends upon
spacetime dimension. It is though true that our experience is restricted to four dimension
and all empirical and experimental support for gravitational dynamics emanates only from
that. The consistency of principle and concept would however demand that for n ≥ 5, higher
2
order terms in the Lovelock polynomial are also equally valid and should be included for full
description of gravitational field.
It turns out that the low-energy limit of heterotic superstring theory as the higher cur-
vature correction to general relativity [6] indeed gives rise to quadratic Gauss-Bonnet term
LGB. On the other hand one of the present authors has argued quite forcefully that there
are also purely classical and strong physical motivations for higher dimension [7]. For exam-
ple, keeping gravity confined to 4 dimension is equivalent to confining spacetime curvature
entirely to 4-spacetime. The question is, how do we ensure that? That is no curvature
information is transmitted to extra dimension, and for that to happen 4-spacetime should
be isometrically embeddable in five-dimensional flat spacetime. This is however not the case
in general and there is a well known theorem in differential geometry which states that an
arbitrarily curved 4-space requires six (= n(n − 1)/2 with n = 4) extra dimensions for its
flat space embedding [8]. Gravity could thus penetrate down to ten dimension! Also gravity
is self interactive and self interaction can be evaluated iteratively. The first iteration is how-
ever already included in Einstein’s equation as it contains square of first derivative of the
metric. The question is, how do we stop at the first iteration? We should go to second, third
and so on. It turns out that the terms in the Lovelock polynomial represent the iterations
with linear (Einstein-Hilbert) containing the first while the quadratic (Guass-Bonnet) the
second and so on. But Gauss-Bonnet term makes no contribution in the equation for n ≤ 4
and hence we have to go to higher dimension to physically realize the second iteration of
self interaction. As 2 and 3 dimensions are not big enough to accommodate free gravity,
similarly 4 dimension is not big enough to fully accommodate self interaction of gravity.
Thus even classical dynamics of gravity requires higher dimension.
We write action for n-dimensional spacetime,
S =
∫
dnx
√−g
[
1
2κ2n
(R− 2Λ + αLGB)
]
+ Smatter, (1)
where R and Λ are n-dimensional Ricci scalar and the cosmological constant respectively.
Further κn ≡
√
8piGn, where Gn is n-dimensional gravitational constant and α is Gauss-
Bonnet coupling constant. In string theoretic formulation, α is identified with the inverse
string tension and is positive definite [6]. We shall therefore take α ≥ 0.
The gravitational equation following from the action (1) is given by
Gµ ν + αH
µ
ν + Λδ
µ
ν = κ
2
nT
µ
ν , (2)
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where Gµν is the Einstein tensor and
Hµν ≡ 2
[
RRµν − 2RµαRαν − 2RαβRµανβ
+R αβγµ Rναβγ
]
− 1
2
gµνLGB. (3)
Tµν is energy-momentum tensor of matter field derived from Smatter in the action (1). It is
noted that Gauss-Bonnet term makes no contribution in the field equation, i.e. Hµν ≡ 0,
for n ≤ 4.
We shall now demonstrate creation of black hole from constant curvature of extra dimen-
sional space by considering a six-dimensional Kaluza-Klein vacuum spacetime which is lo-
cally homeomorphic toM4×H2 with the metric gµν = diag(gAB, r20γab), A,B = 0, .., 3; a, b =
4, 5. Here gAB is an arbitrary Lorentz metric on M4, r0 is a constant and γab is the unit
metric on the two-dimensional space of negative constant curvature H2. Then vacuum equa-
tion (Tµν = 0) gets decomposed as follows [1]: C1GAB + C2gAB = 0 and Fgab = 0 where
C1 ≡ 1 − 4α/r20, C2 ≡ Λ + 1/r20 and F ≡ Λ − (R + αLGB)/2. Note that all curvature
quantities refer toM4 and for arbitrary C1 and C2, the first equation is the usual Einstein
equation with Λ. For spherically symmetric metric in the areal coordinates, it is clearly
the Schwarzschild-(A)dS solution. The scalar constraint F = 0 will then require square
of Riemann curvature, Kretshmann scalar to be constant. That could only happen if the
Schwarzschild mass vanishes leaving spacetime to be (A)dS. Thus scalar constraint following
from extra-dimensional equation does not let 4-spacetime to harbour any mass point. This
is an important result.
However there is an exceptional case of C1 = C2 = 0, which means r
2
0 = 4α = −1/Λ, and
then 4-metric remains completely free and undetermined. It is determined entirely by the
scalar constraint F = 0, which is given by
R + αLGB +
1
2α
= 0. (4)
For spherically symmetric spacetime in the Schwarzshild gauge, gttgrr = −1, this admits the
general solution as
f(r) ≡ −gtt = 1 +
r2
4α
[
1∓
{
2
3
+
16αM
r3
− 16αq
r4
}1/2]
, (5)
where M and q are constants of integration. This is the new black-hole solution [1] for
the upper negative sign and we take q < 0 so that the expression under the radical sign
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remains always positive. Asymptotically it approximates to Reissner-Nordstro¨m charged
black hole in AdS spacetime even though there was no Maxwell field introduced in M4.
q is new “gravitational charge” like Weyl charge in the brane world gravity [9]. In four
dimension, Maxwell field is characterized by T = 0. The scalar constraint also implies
vanishing of trace and that is why gravitational charge, q resembles Maxwell charge [10].
This Maxwell-like field is thus pure gravitational creation. Also note that the solution has
no general relativistic limit, α→ 0, which is indicative of the fact that its source is entirely
the quadratic Gauss-Bonnet term.
It is also remarkable that this solution could be generalized to include radially flowing
Vaidya radiation, as in the Schwarzshild case, simply by making the parameters M =
M(v), q = q(v) arbitrary functions of advanced time v. This will asymptotically resemble
charged null dust [10]. Why null dust because it also has T = 0. That is only trace
free matter could be created by this prescription. Both the solutions have metric regular
everywhere, though curvatures diverge but weakly as 1/r2 or 1/v2. If we integrate the
Kretshmann scalar over the volume, it will vanish as r, v → 0. Singularity is thus weakened
which is also the case for five-dimensional Gauss-Bonnet black hole [7, 11]. It is interesting
that by Kaluza-Klein construction we have been able to bring this desirable feature of
Einstein-Gauss-Bonnet gravity down to four dimension. Further, it may be noted that the
asymptotic limit of the solutions is not flat but AdS. This is however clear from the equation
(4) that it cannot admit any solution with asymptotic flat limit. In Gauss-Bonnet gravity,
there are two branches of the solution, one admitting α→ 0 limit with flat asymptotic and
the other with no α → 0 limit with AdS asymptotic [7, 11]. Note that in our case both
branches of the solution (5) have AdS asymptotic. Thus, what flat space is to Einstein
gravity, AdS is to Gauss-Bonnet gravity in Kaluza-Klein spacetime.
Our main aim in this essay is to demonstrate creation of matter out of curvature - a
pure gravitational creation as an example of matter without matter. The scalar constraint
as well as the prescription (C1 = 0, C2 = 0) of extra dimensional curvature and Λ in terms
of Gauss-Bonnet parameter α entirely prohibit presence of any matter TAB on 4-spacetime.
A “charged” black hole and null dust are therefore pure gravitational creatures born out
of coupling of curvature of extra dimensional space with Λ and α. We thus establish the
basic physical principle of reciprocity between gravity and matter. Using these solutions, we
can construct the four-dimensional spacetime representing a black-hole formation from AdS
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FIG. 1: A schematic diagram of the black-hole formation from the AdS spacetime without any
matter field. Here the AdS spacetime for v < 0 is joined to the static black-hole spacetime (5) for
v > vf by way of the Vaidya-like spacetime. We set M(v) = m0v and q(v) = −α, where m0 is a
positive constant. A singularity is formed at v = r = 0 and develops.
spacetime without any matter field as shown in Fig. 1. It could thus be envisioned that
static black hole is created from AdS spacetime by implosion of radially infalling Vaidya-like
charged null dust.
However one may wonder what created the parameters M and q? Clearly their source
whatever may it be cannot reside onM4. They arose from integration of the scalar constraint
which involved scalar curvature and the quadratic LGB. In absence of the latter, it would
give RN-AdS and then there won’t be any prohibition on existence of stress tensor which
could source mass and charge parameters. In our case, we have the only one equation (4)
in which LGB, as pointed out earlier, acts as source and there can exist no other matter
stress distribution. Thus the source for these parameters can’t be anything other than
LGB, the quadratic in curvatures, which as argued earlier represents second iteration of self
interaction. Thus it is the second order linking of gravity with itself which is the source of
this interesting black hole spacetime. This is how it is truly a pure curvature creation, a
remarkable example of matter without matter.
The first realization of the principle of reciprocity was experimentally observed in the
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electron-positron pair creation from radiation which did require magnetic field as the fa-
cilitating agent. Similarly here we need extra dimensions and Kaluza-Klein split up of
spacetime for creating “matter” from curvature. It is this split up together with Gauss-
Bonnet term and Λ which first allowed a prescription of parameters such that presence of
matter was prohibited and then it provided a scalar equation which solved to give the black
hole. This means that reciprocity seems to require specific prescription. So is also the case
for AdS/CFT correspondence where gravity lives in bulk spacetime while matter resides on
its boundary. Thus decomposition of spacetime into two is the facilitating mechanism for
this process.
In the original Kaluza-Klein theory, origin of Maxwell field is the extra-dimensional com-
ponent of 5-dimensional metric for which 5-dimensional vacuum Einstein equation is decom-
posed into 4-dimensional Einstein-Maxwell equation [12]. Here we have given a completely
different and novel origin for Maxwell-like field as well as a null dust fluid in the framework
of Einstein-Gauss-Bonnet gravity. This is however a partial success as it can only create
trace free matter and the question still remains for origin of matter with non-zero trace.
This is an important question and its solution will perhaps have profound impact on our
understanding of spacetime and matter, and the universe.
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